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The fusion reactions 48Ca + 154Sm and 16O + 186W leading to the same compound nucleus 202Pb are
studied within the framework of an improved isospin dependent quantum molecular dynamics model.
The entrance channel mass asymmetry dependence of compound nucleus formation is found by analyzing
the shell correction energies, Coulomb barriers and fusion cross sections. The calculated fusion cross
sections agree quantitatively with the experimental data. We conclude that the compound nucleus
formation is favorable for the system with larger mass asymmetry.
© 2008 Elsevier B.V. Open access under CC BY license.In recent years, much effort has been devoted to the study of
superheavy elements (SHEs) theoretically and experimentally. El-
ements 107 to 112 were synthesized in cold fusion reactions [1],
elements from 113 to 116 and 118 were produced in hot fusion re-
actions [2]. The existence of elements with Z > 106 is due to the
balance of shell effects against the large Coulomb repulsion [3].
Theoretically, several transport models have been established to
understand the fusion mechanism of SHE formation, such as the
macroscopic dynamical model [4], the dinuclear system model
[5,6], the ﬂuctuation–dissipation model [7], and the concept of
nucleon collectivization [8]. Experimental data can be reproduced
and some new results have been predicted with these models.
The models differ from each other, sometimes using contradictory
physical ideas. A microscopic description of the synthesis mecha-
nism of SHEs remains as a challenge to microscopic theory. The
accurate theoretical predictions of the reaction channel and opti-
mum incident energy are anticipated by experimentalists.
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Open access under CC BY license.The study of the role of the entrance channel in the fusion
reaction is a relevant problem in establishing the optimal condi-
tions for the synthesis of SHEs. The cross section for the synthe-
sis of SHE is so small that it reaches the present experimental
limit. Therefore, it is a key to select the optimal reaction and
favorable energy before the experiment to ensure the successful
synthesis of SHEs. It is known generally that it is more favor-
able to synthesize SHE with large mass asymmetry of the re-
actants. Being encouraged by the synthesis of SHEs, heavy ion
fusion reactions at energies below and near the Coulomb bar-
rier have received a great deal of attention [9–13]. The measured
fusion cross sections for different mass asymmetry (|A2 − A1|/
(A1 + A2)) reactions leading to the same compound nucleus al-
low us to study the entrance channel effects on the fusion reac-
tion mechanism. The entrance channel mass asymmetry depen-
dence of the compound nucleus formation has been studied by
the statistical model [14,15] and the dinuclear systems model [16]
for the asymmetric and nearly symmetric systems. The effect of
entrance channel mass asymmetry in fusion was investigated in
Ref. [17] for the formation of 220Th by comparing the evaporation
residue cross section in the reactions 16O + 204Pb, 40Ar + 180Hf,
48Ca+ 172Yb, 82Se+ 138Ba, and 124Sn+ 96Zr. The authors concluded
that fusion is inhibited increasingly for reactions more symmetric
than 16O + 204Pb. Attempts to understand the effect of entrance
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sary.
In the present work, we carry out a study for the fusion reac-
tions 48Ca+ 154Sm and 16O+ 186W using the improved isospin de-
pendent quantum molecular dynamics (ImIQMD) model [18]. The
experimental fusion cross sections are well reproduced, and the
calculated results suggest the entrance channel mass asymmetry
dependence of the compound nucleus formation.
In the ImIQMD model, the most important improvement is
the inclusion of shell correction contribution compared with the
isospin dependent quantum molecular dynamics model (IQMD)
[19,20]. As we know, the shell correction can change the fusion
barrier of a certain reaction. For the same reaction, different shell
correction energies result from changes in the level scheme with
the deformation parameters. The importance of the shell correc-
tion on the production cross section of compound nuclei has re-
ceived much attention for synthesis of superheavy elements. Con-
sequently, it is necessary that shell effects are considered in the fu-
sion process. The projectile-target level schemes in fusion reaction
are calculated by the deformed two center shell model (DTCSM)
[21,22]. Then the shell corrections are calculated using the Struti-
nsky method [23].
In the ImIQMD model, the shell correction energy can be writ-
ten as
U ImIQMDshell = −
∫
Eshell exp[(r − Rp,t/a)]
a{1+ exp[(r − Rp,t/a)]}2 dr (1)
where the shell correction energy Eshell is given by using DTCSM.
The Rp,t and a are projectile (target) radius and the dispersion
width, respectively. The values of Rp,t and a are 1.2 A−1/3 fm and
0.55 fm, respectively, where A is the total nucleon number. In the
evolution of dynamical process, the ordering of ﬁlling in the levels
is considered according to angular momentum and single nucleon
energy which corresponds to the same angular momentum.
In this calculation, the levels are calculated by DTCSM and the
shell corrections are calculated using Strutinsky method for the
reaction system 48Ca + 154Sm and 16O + 186W. The proton levels
(upper ﬁgure), the proton and total shell corrections are plotted in
Fig. 1 for the fusion reactions leading to the same compound nu-
cleus 202Pb. Rn = (R − R f )/(Rt − R f ) is the normalized distance
between centers, where R is the distance between two centers,
R f = Rc − Rp is the ﬁnal R , Rt = Rt + Rp is the distance at the
touching point, and Rc , Rt , and Rp are the radii of compound
nucleus, target and projectile nucleus, respectively. In the upper
part of Fig. 1, it can be seen that the levels show disturbances at
Rn > 0.39. These changes are greater for the reaction 48Ca+ 154Sm
than for the reaction 16O + 186W. The reaction 48Ca + 154Sm has a
lower shell correction at Rn > 0.39 but greater at Rn < 0.39. Be-
cause 16O and 48Ca are doubly magic, we think that, apart from
the slight deformation inﬂuence, above behavior is mainly due to
the mass asymmetry for two different reactions.
The nucleus–nucleus interaction potential plays an important
role in the fusion reaction, but it cannot be directly measured.
Several methods such as Wong semiempirical formula [24], Bass
potential [25], and the proximity potential [26] have been em-
ployed to calculate the Coulomb barrier. In this work, the effects of
the mass asymmetry of projectile and target on the static Coulomb
barrier are studied by using the ImIQMD model for 48Ca + 154Sm
and 16O + 186W fusion systems.
The interaction potential is deﬁned as V (R) = Ept(R)− Ep − Et .
Here R is the distance between the centers of mass of projectile
and target. Ept(R) is the total energy of the whole system, while
Ep and Et are the energies of the projectile and target, respec-
tively. They are the sum of the effective potential energy and the
kinetic energy over the whole system, projectile and target, respec-
tively. For the kinetic energy, the Thomas–Fermi approximation isFig. 1. Proton levels (upper ﬁgure) and the proton and total shell corrections for
these two fusion reactions in the synthesis of 202Pb.
adopted as mentioned in Ref. [27]. For the static Coulomb barrier,
the density distribution is the same as the initial density distri-
bution, which is the diabatic process. The total static interaction
potential and each part of the interaction potential are shown for
reaction systems 48Ca + 154Sm and 16O + 186W in Fig. 2.
The contribution of each part of the interaction potential to
the total interaction potential can be seen clearly. In addition, we
compare the static Coulomb barriers by the ImIQMD model with
the results of proximity potential in Fig. 3. One can see that the
calculated with ImIQMD Coulomb barriers are not in good agree-
ment with those from proximity potential at short range, but are
in good agreement with those from proximity potential when both
nuclei do not overlap too much in space. The reason for the de-
viation in the overlap region is that the proximity potential may
not be able to give an accurate result at the overlap region where
the ImIQMD model is applicable. But it is well known that the re-
sults for the overlap region are more important, especially for the
case of heavy reaction systems. One can see that more symmetric
combinations will give rise to higher Coulomb barriers, and with
the increasing mass asymmetry the height of the Coulomb barrier
decreases and the capture probability should be enhanced conse-
quently [27]. Thus it is more favorable to form the superheavy el-
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potential for 48Ca + 154Sm and 16O + 186W.
Fig. 3. The static Coulomb barriers of 48Ca+ 154Sm and 16O+ 186W. Results of prox-
imity potential are also shown. The inset is the contribution from shell correction
energy.
ements using asymmetric reaction systems. The contribution from
shell correction energies are also included in Fig. 3 which are de-
ﬁned as V shell = Eptshell − Epshell − Etshell. Here Eptshell, Epshell and Etshell
are the projectile-target combinations, projectile and target shell
correction energies which are calculated by DTCSM, respectively.
The effects of the mass asymmetry of projectile and target on theFig. 4. Comparison of calculated fusion cross section with experimental data for
48Ca + 154Sm and 16O + 186W. The open squares (circles) represent the calculated
results and the solid squares (circles) represent the experimental data.
interaction shell correction energies are observed. The contribu-
tion from shell correction energy with small mass asymmetry is
larger than that with large mass asymmetry at the early stage,
when two nuclei overlap too much, the reverse phenomenon is
observed. It is known that the lowering of the Coulomb barrier
corresponding to larger mass asymmetry might result in the en-
hancement of the capture probability. We will investigate the effect
of the mass asymmetry through calculation the fusion cross sec-
tions later.
Fig. 4 presents the calculated fusion cross sections compared
with experimental data [28,29] for 48Ca + 154Sm and 16O + 186W.
The theoretical cross sections increase with increasing energies
that is presented in the data. The calculated results are larger
than the experimental data at lower energies. One can note that
this result is more obvious for 16O + 186W than that for 48Ca +
154Sm. Ref. [28] shows that the sub-barrier enhancement with
respect to the uncoupled calculations is far larger in the case
of 48Ca + 154Sm. At high energies, the calculation values are in
agreement with the data. However, the comparison of the fusion
cross sections for 48Ca + 154Sm with the reaction 16O + 186W in
Ref. [28] shows the competition between sub-barrier enhancement
and above barrier suppression. Both experimental and theoreti-
cal results show the difference of cross sections in two different
systems. Namely, the entrance channel mass asymmetry depen-
dence of the fusion cross sections can be observed. The fusion
cross sections are larger for the reaction 16O+ 186W, which results
from the lowering of the Coulomb barrier for the reaction with
larger mass asymmetry. It suggests that the compound nucleus
formation is favorable for the systems with larger mass asymme-
try.
In conclusion, we have investigated the fusion reactions for
48Ca + 154Sm and 16O + 186W reaction systems forming the
same compound nucleus 202Pb by using the ImIQMD model. The
Coulomb barrier is lower for 16O + 186W with large mass asym-
metry than for 48Ca + 154Sm with small mass asymmetry. The ex-
perimental data of the fusion cross sections have been reproduced
quantitatively. The results show that the fusion cross sections are
larger for the reaction system with larger mass asymmetry. This
reason is attributed to the lowering of the Coulomb barrier for
system with larger mass asymmetry. Thus the compound nucleus
formation is more favorable for the system with larger mass asym-
metry. It indicates that the entrance channel mass asymmetry of
the reaction system affects the synthesis of heavy nuclei.
B.-A. Bian et al. / Physics Letters B 665 (2008) 314–317 317Acknowledgements
This work is supported by the National Natural Science Foun-
dation of China (Grants Nos. 10575012 and 10435020), the Science
Foundation of Beijing City, the National Basic Research Program of
China (Grant No. 2007CB815000), and the Science Foundation of
Beijing Normal University.
References
[1] S. Hofmann, G. Münzenberg, Rev. Mod. Phys. 72 (2000) 733;
S. Hofmann, F.P. Heßberger, D. Ackermann, S. Antalic, P. Cagarda, S. C´wiok,
B. Kindler, J. Kojouharova, B. Lommel, R. Mann, G. Münzenberg, A.G. Popeko,
S. Saro, H.J. Schött, A.V. Yeremin, Eur. Phys. J. A 10 (2001) 5.
[2] Yu.Ts. Oganessian, V.K. Utyonkoy, Yu.V. Lobanov, F.Sh. Abdullin, A.N. Polyakov,
I.V. Shirokovsky, Yu.S. Tsyganov, G.G. Gulbekian, S.L. Bogomolov, A.N. Mezent-
sev, S. Iliev, V.G. Subbotin, A.M. Sukhov, A.A. Voinov, G.V. Buklanov, K. Sub-
otic, V.I. Zagrebaev, M.G. Itkis, J.B. Patin, K.J. Moody, J.F. Wild, M.A. Stoyer, N.J.
Stoyer, D.A. Shaughnessy, J.M. Kenneally, R.W. Lougheed, Phys. Rev. C 69 (2004)
021601(R).
[3] V.M. Strutinsky, Nucl. Phys. A 122 (1968) 1.
[4] S. Bjornholm, W.J. Swiatecki, Nucl. Phys. A 391 (1982) 471.
[5] G.G. Adamian, N.V. Antonenko, W. Scheid, V.V. Volkov, Nucl. Phys. A 627 (1997)
361.
[6] Y. Abe, Y. Aritomo, T. Wada, M. Ohta, J. Phys. G 23 (1997) 1275.
[7] Y. Aritomo, T. Wada, M. Ohta, Y. Abe, Phys. Rev. C 59 (1999) 796.
[8] V.I. Zagrebaev, Phys. Rev. C 64 (2001) 034606.
[9] J.F. Liang, D. Shapira, J.R. Beene, C.J. Gross, R.L. Varner, A. Galindo-Uribarri,
J. Gomez del Campo, P.A. Hausladen, P.E. Mueller, D.W. Stracener, H. Amro, J.J.
Kolata, J.D. Bierman, A.L. Caraley, K.L. Jones, Y. Larochelle, W. Loveland, D. Pe-
terson, Phys. Rev. C 75 (2006) 054607.
[10] R. Raabe, C. Angulo, J.L. Charvet, C. Jouanne, L. Nalpas, P. Figuera, D. Pierrout-
sakou, M. Romoli, J.L. Sida, Phys. Rev. C 74 (2006) 044606.[11] W. Loveland, A.M. Vinodkumar, R.S. Naik, P.H. Sprunger, B. Matteson, J. Neeway,
M. Trinczek, M. Dombsky, P. Machule, D. Ottewell, D. Cross, K. Gagnon, W.J.
Mills, Phys. Rev. C 74 (2006) 064609.
[12] W.M. Seif, Nucl. Phys. A 767 (2006) 92.
[13] R.K. Gupta, M. Manhas, G. Münzenberg, W. Greiner, Phys. Rev. C 72 (2005)
014607.
[14] I.M. Govil, R. Singh, A. Kumar, S.K. Datta, S.K. Kataria, Nucl. Phys. A 674 (2000)
377.
[15] N.V.S.V. Prasad, A.M. Vinodkumar, A.K. Sinha, K.M. Varier, D.L. Sastry, N. Mad-
havan, P. Sugathan, D.O. Kataria, J.J. Das, Nucl. Phys. A 603 (1996) 176.
[16] G. Fazio, G. Giardina, G. Mandaglio, R. Ruggeri, A.I. Muminov, A.K. Nasirov,
Yu.Ts. Oganessian, A.G. Popeko, R.N. Sagaidak, A.V. Yeremin, S. Hofmann,
F. Hanappe, C. Stodel, Phys. Rev. C 72 (2005) 064614.
[17] D.J. Hinde, M. Dasgupta, A. Mukherjee, Phys. Rev. Lett. 89 (2002) 282701.
[18] Z.Q. Feng, F.S. Zhang, G.M. Jin, X. Huang, Nucl. Phys. A 750 (2005) 232.
[19] F.S. Zhang, L.W. Chen, Z.Y. Ming, Z.Y. Zhu, Phys. Rev. C 60 (1999) 064604.
[20] L.W. Chen, F.S. Zhang, G.M. Jin, Z.Y. Zhu, Phys. Lett. B 459 (1999) 21.
[21] R.A. Gherghescu, J. Skalski, Z. Patyk, A. Sobiczewski, Nucl. Phys. A 651 (1999)
237.
[22] R.A. Gherghescu, W. Greiner, G. Münzenberg, Phys. Rev. C 68 (2003) 054314.
[23] V.M. Strutinsky, Nucl. Phys. A 95 (1967) 420.
[24] C.Y. Wong, Phys. Rev. Lett. 31 (1973) 766.
[25] R. Bass, Nuclear Reactions with Heavy Ions, Springer, New York, 1980, p. 283.
[26] W.D. Myers, W.J. Swiatecki, Phys. Rev. C 62 (2000) 044610.
[27] V.Yu. Denisov, W. Norenberg, Eur. Phys. J. A 15 (2002) 375.
[28] M. Trotta, A.M. Stefanini, L. Corradi, E. Fioretto, A. Gadea, S. Szilner, S. Begh-
ini, G. Montagnoli, F. Scarlassara, A.Yu. Chizhov, I.M. Itkis, G.N. Kniajeva, E.M.
Kozulin, N.A. Kondratiev, I.V. Pokrovsky, R.N. Sagaidak, V.M. Voskressensky,
S. Courtin, O. Dorvaux, F. Haas, N. Rowley, Nucl. Phys. A 734 (2004) 245.
[29] J.R. Leigh, M. Dasgupta, D.J. Hinde, J.C. Mein, C.R. Morton, R.C. Lemmon, J.P.
Lestone, J.O. Newton, H. Timmers, J.X. Wei, N. Rowley, Phys. Rev. C 52 (1995)
3151.
